first genetic material may have used a simpler backbone than ribose. One candidate is peptide nucleic acid (PNA), in which the backbone is polymeric N-(2-aminoethyl)glycine (AEG) and the N-acetic acids of the bases Evolutionary inferences rely on diversity. The source of (N 9 for purines, N 1 for pyrimidines) are linked via amide differences among organisms is accumulated diverbonds (Figure 1 ). This is an attractive scenario because gence from a common ancestor, which may be random AEG forms in spark-tube experiments that also produce or selected. When a system is adaptive yet highly comamino acids (Nelson et al., 2000), and may spontaneplex, one can follow its evolution from a simpler state ously polymerize at 100Њ. The N-acetic acids of the bases in one of two ways: from fossilized transitional forms, are also accessible in prebiotic syntheses, which sugor from early-diverging extant organisms. This is how, gests that PNA could have been an early genetic material for example, we can trace the evolution of trichromatic (although the evidence is far from conclusive). vision in primates or flowers in angiosperms.
T. thermophilus also has an archaeal-type AspRS, which recognizes and aspartylates only tRNAlineages. Most bacteria and archaea use GluRS to charge tRNA-Gln with glutamate, and then convert it to
Asp, in contrast to the eubacterial AspRS, which recognizes and aspartylates tRNA-Asn as well. Clearly, AspRS glutamine on the tRNA by a transamidase. Agou et al. analyzed a structure-based alignment of GluRS and has lost the ability to recognize a subset of its tRNA substrates in lineages that have an independent AsnRS.
GlnRS from different taxa, and identified two residues invariant in all GlnRS but absent from GluRS (Agou et
This may indicate that Asn was a relatively recent addition to the code, perhaps postdating the origin of most al., 1998). Altering these residues to match eukaryotic GluRS reduced selectivity for Gln more than 10,000-fold.
aaRSs.
Recent Code Evolution: Release Factors This rational mutagenesis approach is limited to testing the effects of a few mutations. Hong et al. instead
and Modified Bases Thus far we have covered processes that led to the code randomized sections of GlnRS and selected the variants best conferring GluRS specificity in vivo, using E. coli in the LUCA but did not contribute to its subsequent diversification. Recent variant codes are predominantly GlnRS as a starting point (Hong et al., 1998) . Two changes, though interestingly different from the ones changes in a few tRNAs and release factors. Examples of the former are numerous, and are often changes in noted in Agou et al., improved Glu recognition 3-to 5-fold (Figure 2 ). This GlxRS was inefficient, probably RNA editing or base modification at the anticodon rather than mutations in the anticodons of tRNA genes thembecause it mischarged wild-type tRNA Gln with Glu. Combining both approaches by mutating and selecting an selves. For example, Met is encoded by AUG alone in the standard code, but by AUA and AUG in metazoan orthogonal tRNA/synthetase pair that does not affect the components already in the cell, such as human mitochondria. tRNA Met normally has anticodon CAU: a mutation to UAU would allow recognition of both A and GlnRS and tRNA-Gln in E. coli, might allow a more complete identity switch.
G at the third codon position by wobble pairing. This would seem the easiest way to effect this change, as To add amino acids to the code, the original aaRS must relinquish some of its isoacceptor tRNAs to its new UNN anticodons commonly read NNR 2-codon sets. However, Drosophila, bovine, and squid tRNA Met instead paralog. Li et al. take the first steps toward achieving this process experimentally in an insertion mutant of E. coli, retain the CAU anticodon sequence but modify the C to 5-formylcytidine, which recognizes both A and G LeuRS, which prefers one tRNA-Leu isoacceptor 3-fold By the time protein aaRSs took over, translation was probably well developed; however, some amino acids, such as Gln, Asn, and Trp, may postdate the first protein aaRSs. Today, laboratory experiments that alter the specificity of aaRSs for amino acids and/or tRNA isoacceptors recapitulate some of these processes. Finally, changes to both tRNAs and release factors produced the range of modern codes, particularly through posttranscriptional base modification and changes in release factors. This diversity of events suggests that an explanation for the fixation of the canonical code in the LUCA will require more historical reconstruction than reasoning from chemical principles.
